We updated the genetic map of rainbow trout (Oncorhynchus mykiss) for 2 outcrossed mapping panels, and used this map to assess the putative chromosome structure and recombination rate differences among linkage groups. We then used the rainbow trout sex-specific maps to make comparisons with 2 other ancestrally polyploid species of salmonid fishes, Arctic charr (Salvelinus alpinus) and Atlantic salmon (Salmo salar) to identify homeologous chromosome affinities within each species and ascertain homologous chromosome relationships among the species. Salmonid fishes exhibit a wide range of sex-specific differences in recombination rate, with some species having the largest differences for any vertebrate species studied to date. Our current estimate of female:male recombination rates in rainbow trout is 4.31:1. Chromosome structure and (or) size is associated with recombination rate differences between the sexes in rainbow trout. Linkage groups derived from presumptive acrocentric type chromosomes were observed to have much lower sex-specific differences in recombination rate than metacentric type linkage groups. Arctic charr is karyotypically the least derived species (i.e., possessing a high number of acrocentric chromosomes) and Atlantic salmon is the most derived (i.e., possessing a number of whole-arm fusions). Atlantic salmon have the largest female:male recombination ratio difference (i.e., 16.81:1) compared with rainbow trout, and Arctic charr (1.69:1). Comparisons of recombination rates between homologous segments of linkage groups among species indicated that when significant experiment-wise differences were detected (7/24 tests), recombination rates were generally higher in the species with a less-derived chromosome structure (6/7 significant comparisons). Greater similarity in linkage group syntenies were observed between Atlantic salmon and rainbow trout, suggesting their closer phylogenetic affinities, and most interspecific linkage group comparisons support a model that suggests whole chromosome arm translocations have occurred in the evolution of this group. However, some possible exceptions were detected and these findings are discussed in relation to their influence on segregation distortion patterns. We also report unusual meiotic segregation patterns in a female parent involving the duplicated (homeologous) linkage group pair 12/16 and discuss several models that may account for these patterns. 1051 Résumé : Les auteurs ont mis à jour la carte génétique de la truite arc-en-ciel (Onorhynchus mykiss) à l'aide de 2 populations de cartographie allofécondées et employé cette carte pour déterminer la structure des chromosomes ainsi que les différences au niveau des fréquences de recombinaison entre groupes de liaison. Les auteurs ont ensuite employé les cartes spécifiques de chaque sexe afin de les comparer aux cartes d'autres salmonidés anciennement polyploïdes, l'omble chevalier (Salvelinus alpinus) et le saumon atlantique (Salmo salar). Ces analyses ont été faites afin d'identifier les chromosomes homéologues au sein de chaque espèce et de valider les relations d'homologie entre les espèces. Les salmonidés montrent de grandes différences quant au taux de recombinaison observés chez les deux sexes et certaines espèces montrent les plus grands contrastes parmi tous les vertébrés étudiés à ce jour. Les estimés actuels du ratio de la recombinaison femelle : mâle sont de 4,31:1 chez la truite arc-en-ciel. La structure ou la taille des chromosomes sont associées aux différences de taux de recombinaison observées chez les deux sexes. Les groupes de liaison dérivés des chromosomes présumés de type acrocentrique montrent des différences beaucoup moins marquées que les groupes de liaison de type métacentrique. L'omble chevalier est l'espèce la moins dérivée sur le plan caryotypique (celle possé-dant le nombre le plus grand de chromosomes acrocentriques) alors que le saumon atlantique est l'espèce la plus dé-rivée (ayant le plus de fusions de bras complets). Le saumon atlantique présente le ratio le plus élevé de recombinaison femelle : mâle (16,81:1) par rapport à la truite arc-en-ciel et l'omble chevalier (1,69:1). Des comparaisons du taux de recombinaison chez des segments homologues des groupes de liaison chez ces espèces ont révélé que lorsque des diffé-rences significatives étaient observées à l'échelle de l'expérience entière (7/24 tests), les taux de recombinaison étaient généralement plus élevés chez l'espèce au caryotype le moins dérivé (6 des 7 comparaisons significatives). Une plus grande similitude au niveau de la synténie des groupes de liaison a été observée entre le saumon atlantique et la truite arc-en-ciel ce qui suggère une plus grande proximité phylogénétique. De plus, la majorité des comparaisons interspéci-fiques des groupes de liaison supportent le modèle voulant que des translocations de bras chromosomiques entiers se seraient produites au cours de l'évolution de ce groupe. Cependant, certaines exceptions possibles ont été notées et ces observations sont discutées en relation avec leur influence sur la distorsion de la ségrégation. Les auteurs rapportent également des ségrégations méiotiques anormales chez une femelle impliquant la paire de groupes de liaisons dupliqués (homéologues) 12/16. Les auteurs discutent de plusieurs modèles pouvant expliquer de telles anomalies.
Introduction
Genome organization reflects the highest level within which the current phylogenetic history of a species is recorded. It is a reflection of the larger scale genomic reorganization events that have taken place within a lineage to such an extent that comparisons of syntenic chromosomal blocks among related taxa may provide insights into their collective evolutionary histories. Recent studies indicate that factors such as repetitive element distribution (Shapiro 2002) , chromosome size (Gazave et al. 2003) , genome recombination (Posada et al. 2002; Kong et al. 2002) , and nonrandom sequence clustering (D'Onofrio 2002) are important elements in defining genome organization and gene arrangement. It has also been suggested that differences in chromosome morphology and size may be important in influencing the process of speciation and adaptation within a lineage (King 1993) through the modification of recombination rates. Qumsiyeh (1994) predicted that species with higher arm numbers and diploid chromosome numbers would retain higher recombination rates than species with more derived chromosome structure represented by whole arm fusions and lower diploid numbers of chromosomes. Empirical studies in humans support the contention that smaller sized chromosomes in the genome may in fact have greater recombination rates (per unit physical length of chromosome) than larger chromosomes (Kong et al. 2002) . Since all the larger chromosomes in the human karyotype are bi-armed metacentrics, the findings suggest that increases in chromosome number within a lineage through metacentric fissions may lead to increased recombination rates whereas fusions would reduce recombination rates. However, it would appear that the physical size of the chromosome may be more important than structure in influencing recombination rates in humans. Female: male recombination rates also appear directly proportional to chromosome size in humans (Kong et al. 2002) and may not be greatly influenced by chromosome structure. Although some of the lowest sex-specific recombination rate ratios were observed with the class D linkage groups, intermediate levels were observed with the class G linkage groups (class D and G represent acrocentric type chromosomes in the human karyotype).
The role of chromosome morphology and structure on recombination rate in salmonid fishes is poorly understood. Salmonids have undergone Robertsonian arm fusions and fissions in their evolutionary history (Hartley 1987) , but intra-arm rearrangements may also have occurred. Salmonids characterized as having A-type karyotypes (e.g., Arctic charr) have higher numbers of acrocentric chromosomes relative to metacentric chromosomes. Species with higher numbers of metacentric chromosomes are characterized as having B-type karyotypes (e.g., rainbow trout) (Hartley 1987; Phillips and Rab 2001) . The tetraploid ancestor of extant salmonids may have had approximately 100 acrocentric chromosomes since diploid numbers of 48-50 uniform sized acrocentric chromosomes are the most widely represented of teleost fish species (Denton 1973) . The number fundamental for most extant salmonid species today is 100-104.
In this study, we investigated the influence of karyotypic organization on recombination rate differences and chromosome homologies among 3 different species representative of the 3 major genera of salmonid fishes belonging to the subfamily Salmoninae within the family Salmonidae. These species are the Arctic charr (Salvelinus alpinus), Atlantic salmon (Salmo salar), and rainbow trout (Oncorhynchus mykiss). According to hypothesis outlined by Qumsiyeh (1994) , we expected Arctic charr to have the highest recombination rate among the 3 species since most extant populations surveyed have a diploid chromosome number of 78 chromosomes characterized by only 20 metacentric pairs. Atlantic salmon have a very derived karyotype represented by arm number reductions (NF~72-74 arms) that may result from whole arm fusions or pericentric inversions, and therefore should express the lowest recombination rates. Chromosome numbers in Atlantic salmon range from 54 to 58 chromosomes across North American and European populations. Rainbow trout have an intermediate karyotype with diploid chromosome numbers ranging from 58-64 (reviewed in Phillips and Rab 2001) .
The association between recombination rate and chromosome morphology was also investigated within rainbow trout by first characterizing the existing linkage groups as either a metacentric or acrocentric type. This was accomplished by assessing crossing-over frequencies and tentatively localizing the centromeres on linkage groups using gene-centromere mapping data. Given the large differences in female:male recombination rates that have been detected in salmonid fishes both intra-and interspecifically (Wright et al. 1983; Sakamoto et al. 2000; Moen et al. 2004; Woram et al. 2004) we determined whether chromosome morphology and (or) size had any influence on observed ratios. Metacentric chromosomes are generally larger in size than acrocentric chromosomes (assuming formation through acrocentric fusions) and since most crossing-over appears restricted to the telomeric ends of chromosomes in male multivalents (Allendorf and Thorgaard 1984; Sakamoto et al. 2000) , males may have a greater suppression of recombination throughout a relatively greater chromosome length in a metacentric compared with an acrocentric chromosome. Thus, female:male recombination rates may vary among different chromosome types.
We provide an updated microsatellite linkage map for 2 outcrossed mapping panels of rainbow trout first described by Sakamoto et al. (2000) , and compare regions of homology in rainbow trout (Nichols et al. 2003) with those in Arctic charr (Woram et al. 2004 ) and Atlantic salmon, using the rainbow trout map as a template. We also provide data showing that chromosome morphology and (or) size appears to influence the sex-specific recombination rate differences observed within rainbow trout and we use the differences observed in karyotypic structure among the species to rationalize observed differences in recombination rate among the 3 species.
Materials and methods

Mapping panels
All mapping panels were derived from outcrosses or backcrosses between fish from commercial or wild sources. For each species, 2 mapping panels were used.
Atlantic salmon
Two families (Br5 and Br6) (N = 46 mapping progeny in both families) were made using wild fish caught from the River Tay in Scotland (see Woram et al. 2003 for details).
Arctic charr
Two backcross mapping panels (Family 2 and Family 3) (N = 48 mapping progeny in both families) were obtained from commercial sources (see Woram et al. 2004 for details) .
Rainbow trout
Two backcross mapping panels (Lot25 (N = 48 progeny) and Lot44 (N = 86 progeny)) obtained from commercial and semidomesticated government hatchery stocks were used for the analyses (see Jackson et al. 1998 and O'Malley et al. 2003 for details).
Microsatellite and AFLP analysis
DNA was extracted from 50-100 mg of adipose fin, gill, or muscle using a phenol -chloroform -isoamyl alcohol protocol (Bardakci and Skibinski 1994) . Microsatellites were obtained from a variety of sources (see supplementary data for references 2 ), including published sequences and contributions from research colleagues, as well as the design of primers from small insert (200-1200 bp) DNA clones. Microsatellite markers were PCR amplified according to the methods described in Sakamoto et al. (2000) and Woram et al. (2003) . AFLP analysis was performed as described by Vos et al. (1995) . Digestion was performed using EcoRI and MseI. Sixty-four combinations of selective 3 base extensions of the restriction cut sites were used in rainbow trout and Atlantic salmon. These were as follows: EcoRI = ACT, ACA, AAC, ACC, AGC, AAG, AGG, ACG; and MseI = CAA, CAC, CAG, CAT, CTA, CTC, CTG, CTT. In Arctic charr, only the AAG and ACG, EcoRI selective primers were used in combination with all MseI selective primers resulting in 16 selective primers sets. AFLP fragments were amplified according to the methods described in Woram et al. (2003) .
Genes
Genes were localized to linkage groups using single nucleotide polymorphisms (SNPs), detected either by restriction enzyme cut sites or by heteroduplex analysis (White et al. 1992) , single strand conformation polymorphism (SSCP) analysis (Orita et al. 1989) , or selective differential 3′ PCR analysis. For details on the various type I gene or expressed sequence marker polymorphisms (ESMPs) used in this study, see supplementary data.
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Locus nomenclature
Microsatellite markers were named according to the method outlined in Jackson et al. (1998) , unless the markers were previously published using a different convention. In such instances, the alternate convention was used. According to Jackson et al. (1998) , microsatellite marker names begin with the first letter of the genus followed by the first 2 letters of the species from which the microsatellite sequence was originally cloned. A unique clone name and (or) number follows to identify each clone, followed by a lab-specific suffix to identify the group designing the primer sequence used to amplify the microsatellite repeat. Duplicated loci amplified by 1 primer set are identified by i or ii within the marker name (e.g., OmyFGT27TUF/i and OmyFGT27TUF/ii).
Naming of AFLP loci follows the convention whereby the 3 base selective primer extensions used to produce the loci are listed first followed by the base pair size of the locus. For example, AAG/CAA334 indicates the 3 nucleotides (AAG) for the EcoRI primer and the 3 nucleotides (CAA) for the MseI primer amplified a product at 334 bp. Genes are identified with an italicized code referring to the gene name.
Linkage analysis
Linkage analysis was performed using several programs (LINKMFEX, LINKGRP, MAPORD, GENOVECT, MAPDIS-V, PHASEFREQ, RECOMDIF, markerSORT, markerCOMP, MERGE, and BlockON) contained within the LINKMFEX (version 1.9) software package (Danzmann and Gharbi 2001 ; available at http://www.uoguelph.ca/~rdanzman/software/ LINKMFEX/). Following the determination of pair-wise recombination distances among pairs of markers with LINKMFEX, markers were clustered into their respective linkage groups at a LOD = 4.0 threshold using LINKGRP. Initial marker orders within linkage groups were ascertained using MAPORD and the chromosomal phase of each polymorphic marker set within a linkage group was obtained using GENOVECT. The phase-corrected raw genotype files were used to generate a virtual genetic map using MAPDIS-V. This program uses the observed phase scores of an individual and infers missing genotypes for marker orders within an individual using an algorithm that minimizes the overall recombination distances within the linkage group. The option to ignore adjacent double cross-overs in the phase map was chosen for map construction, as such genotypes could result from genotyping errors. Thus, the final map distances represent a conservative estimate of total map length. Map distances were assigned using recombination estimates between adjacent markers to account for the high level of interference observed in salmonid species (e.g., Allendorf et al. 1986 ). The map distance file generated was used to graphically generate a linkage map file using MAPCHART (Voorrips 2002) .
Across families, a few AFLP markers were identified that had identical electrophoretic mobilities. These may reflect homologous chromosomal locations. However, given the dominant/recessive nature of AFLP fragments and the fact that they are only informative in 1 mapping parent, we recognize that identification of cross homologies are tentative until the actual DNA fragments are characterized by sequencing.
Crossing-over frequencies
Progeny were characterized as possessing either a parental, single cross-over, double cross-over, or multiple cross-over genotype for any given linkage group using PHASEFREQ and the raw genotypic phase files generated with GENOVECT. Using the map orders established with other LINKMFEX modules, an individual was only considered to have experienced a cross-over if 2 or more adjacent markers possessed a reversed phase from the preceding parental phase. In other words, if an adjacent double cross-over was detected, it was ignored in the estimation of cross-over frequencies. A single cross-over event for a terminal marker in a linkage group was also ignored in this analysis. Therefore, the output generated should be considered a conservative estimate of the true cross-over frequencies that may actually exist.
Mapping panel comparisons
Within species comparisons of marker assignments to linkage groups among the mapping panel parents were made using markerSORT. Among species comparisons of these linkage group assignments were made using markerCOMP. These programs display the linkage group assignments of a given marker across multiple mapping parents and among species, in a convenient Microsoft Excel table format that facilitates sorting of the data in various ways and easily identifies ambiguous marker assignments when using multiple mapping parents.
Putative homologous chromosomal segments among the 3 species were identified using the rainbow trout male and female maps as a template. However, the female map was considered the most accurate template since it has the more complete information on marker order (given the lack of recombination in males). Composite maps were first constructed for the 2 mapping panels by assessing possible uniform marker order distributions within linkage groups using MERGEinfo, then merging the 2 separate maps with MERGE. Shared syntenic marker segments were identified by comparing the genetic maps of Atlantic salmon and Arctic charr with the rainbow trout maps with BlockON. When 2 or more syntenic markers were identified, a block of putative homologous markers within the linkage group of rainbow trout could be localized. Single markers sharing homology were also identified. BlockON was executed using the option to ignore duplicated microsatellite designations. This option facilitates the identification of both homeologous chromosomal segments in the comparison species when comparing species of tetraploid ancestry. Following the assessment of cross homologies among all possible mapping parents, a combined sex-specific homology map was constructed with BlockONmerge.
Segregation distortion
Segregation of alleles inherited from each parent at all polymorphic loci (excluding loci in which both parents were heterozygous for the same 2 alleles) was tested using a log likelihood adjusted χ 2 test to compare goodness-of-fit with the expected 1:1 segregation ratio using LINKMFEX. This test is appropriate for sample sizes between 200 and 25 (Sokal and Rohlf 1995) . A Bonferroni correction was also applied to limit the experiment-wide error rate associated with multiple testing (Sokal and Rohlf 1995) . Critical χ 2 values were calculated by dividing the alpha value (0.05) by the number of linkage groups tested for each male and female mapping parent.
Recombination rates
Recombination rate differences were determined using 2×2 contingency G tests that compared parental versus recombinant genotypes inherited from each parent. G values were calculated with the program RECOMDIF for each pair of linked markers that were polymorphic in more than 1 parent. Williams' correction was used to correct for small sample sizes (i.e., fewer than 5 in any 1 cell) (Sokal and Rohlf 1995) . Among linkage groups within rainbow trout, comparisons were made by assessing recombination rate differences among all shared markers falling within a defined linkage group in the 2 individuals being compared. Similar criteria were applied to the comparisons in recombination rates among species with the added option of ignoring duplicate marker designations. This facilitated a more complete comparison among all homeologous pairs as the designations (i.e., i and ii) for duplicated markers can often be reversed between homologous linkage groups across species. Overall differences in recombination rate between test individuals were obtained by summing counts of recombinants and nonrecombinants across both individuals for all pairs of shared markers within known linkage groups. This was done both within linkage groups (to assess differences in linkage group specific recombination rates) and across all linkage groups combined to assess genome-wide significance. These summed counts were used in a single G test to evaluate differences in the overall recombination rate between linked markers in the 2 test individuals.
Results
Map coverage
The rainbow trout outcrossed mapping panels were used to construct the initial rainbow trout microsatellite genetic map described in Sakamoto et al. (2000) . The current map is an expansion of this map and adopts the linkage group nomenclature described in Nichols et al. (2003) . The existing 208 marker map reported in Sakamoto et al. (2000) has been expanded to 1439 markers spanning 31 linkage groups plus several smaller LOD = 4.0 clusters that are currently unassigned to any linkage group described in the Nichols et al. (2003) study. Total female map length is 23.30 and 22.22 M, represented by 58 and 44 LOD = 4.0 segments, in Lot25 and Lot44, respectively. Male map distances are 9.94 and 12.14 M, representing 46 and 37 LOD = 4.0 segments, in Lot25 and Lot44, respectively. Map lengths were all calculated ignoring adjacent double cross-overs and, therefore, represent conservative estimates of total map length in each sex. One linkage group segment in the female (RT-12/16) and male (RT-6/30) mapping parents of Lot44 appeared directly pseudolinked (i.e., had markers from 2 linkage groups joined).
We regard the genetic maps obtained from female mapping panels to be a more accurate depiction of marker ordering within salmonid species due to the fact that most female meioses are uncomplicated by potential pseudolinkage affinities that occur in male salmonids (Wright et al. 1983) . Such partial affinities generally restrict cross-over events to telomeric regions of chromosomes in the males and thus recombination rates are higher in females for markers that tend to cluster (i.e., have 0 recombination) in the centromeric regions of male linkage groups (Allendorf and Danzmann 1997; Sakamoto et al. 2000) . Consequently, the marker order for centrally located markers within a linkage group can be more accurately ascertained with female mapping parents. As such, we present the genetic maps for our 2 female mapping parents in the supplementary data.
2 In this study, however, it appears that unusual meiotic segregation patterns may also occur in female salmonids, as evidenced by the apparent linkage of RT-12 and RT-16 homeologues through a duplicated microsatellite marker (OMM1167) in the Lot44 female parent.
Chromosome arm number
We estimated number of chromosome arms within a linkage group using the following criteria: (i) gene-centromere mapping data; (ii) total number and length of segments assigned to the linkage group; and (iii) the observed frequency of double cross-over (or higher) progeny phases along the length of each chromosome in the female maps (Table 1 and  supplementary data 2 ). Acrocentric designations were made if the length of the linkage group was approximately 50 cM or less, the incidence of double cross-over genotypes was nonexistent or extremely low (i.e., 2%-3% or less), and any gene-centromere mapping data was compatible with the terminal placement of the centromere on the linkage group. As a result of the high level of chromatid interference observed in salmonids (Thorgaard et al. 1983 ), we expected a single cross-over per chromosome arm. Thus, observations of double or multiple cross-overs per linkage group were taken as evidence that the linkage group was possibly representative of a metacentric type chromosome. Caution was exercised in this interpretation but only if 1 of the 2 mapping females provided evidence for double cross-over events, and if the rate observed was very low (<3%). We cannot totally exclude the possibility that genotyping errors may have erroneously generated such results even under the more stringent criteria that at least 2 adjacent markers must share the same phase in an individual before being scored.
Whereas assignments are currently incomplete because the female linkage map is still fragmented, it appears that linkage groups 2, 6, 7, 12, 14, 16, 17, 19, 21, 22, 24, 27, 29 , and 31 represent metacentric chromosomes. Metacentric numbers have been reported to range from 40-46 (acrocentrics = 12-24) with 104 chromosome arms in rainbow trout dependent upon the population (i.e., 2N = 58-64) (Phillips and Rab 2001) . This number of metacentrics putatively identified (i.e., 28) is lower than the expected number. Further inspection of Table 1 , however, reveals that linkage groups 11 and 13 may also be representative of metacentric chromosomes, based upon the localization of centromeres in these groups and total number of fragments putatively joined to these groups. For some linkage groups where gene- centromere data was lacking, the total map length assigned to linkage groups 10, 15, 20, and 23, as well as the occurrence of double cross-overs within these linkage groups, allowed us to tentatively identify these 4 linkage groups as metacentric. However, we only observed a high incidence of double cross-overs (>10%) in both mapping females for 1 of these linkage groups (i.e., RT-10), and thus linkage groups 15, 20, and 23 have been designated as tentative metacentrics (tM). This would characterize a maximum of 20 metacentric linkage groups, and 8 acrocentric linkage groups (i.e., . Furthermore, the large size and multiple fragments identified with linkage groups 2, 12, and 16 suggests that additional acrocentric linkage groups may be pseudolinked to these groupings and are, therefore, currently unrecognized. Also, a large unlinked segment of LG29 in the female parent of lot25 suggests that this may be a separate acrocentric grouping. The maximum number of chromosome arms possible under this scenario is 100 or possibly 104 (tentative on the inclusion of an additional chromosome arm for LGs 2, 12, 16, and 29 clusters). In addition, given the fact that several small unassigned clusters are still present in the female map, we cannot be certain that all the chromosome arms have been correctly identified at present (i.e., 1 or more of the small unassigned arms may represent a true acrocentric chromosome, and the additional acrocentric arms postulated to assign to LGs 2, 12, 16, and 29 through pseudolinkage may actually be part of these linkage groups). It should also be noted that based upon gene-centromere mapping data and map distances recorded in the male mapping parent for lot44, RT-1 may be a small metacentric chromosome (Woram et al. 2003) . Thus, more definitive information is required before we can fully ascertain the arm number relationships among all the rainbow trout linkage groups. In addition, since inter-and intrapopulation variation in diploid chromosome numbers have been reported in rainbow trout (Allendorf and Thorgaard 1984) , a certain degree of plasticity in the assignment of chromosome arms among linkage groups is expected.
Map homologies
Whole chromosome arm fusions have likely been the major mode of chromosome rearrangement in salmonids, and this is supported by the fact that most rainbow trout linkage groups only share homology with up to 1 or 2 linkage groups in Atlantic salmon and Arctic charr (Table 2 and supplementary data 2 ). However, it also possible that intercalary (involving markers within central portions of the chromosome arm) fission or fusion translocations have occurred between the species as evidenced by the fact that several rainbow trout linkage groups possess homologies to more than 2 other linkage groups in Atlantic salmon and Arctic charr (Table 2 ). For example, rainbow trout linkage groups RT-1, RT-6, RT-10, RT-21, RT-22, and RT-27 contained segments from 4 to 6 different Arctic charr linkage groups and rainbow trout linkage groups RT-3, RT-5, RT-6, RT-9, RT-10, RT-15, and RT-23 contained segments of 3 different Atlantic salmon linkage groups. These estimates were obtained by assigning markers that showed duplicate expression and mapped to 2 different known homeologues as only possessing homology to 1 segment. This method therefore corrects for potential biases in assigning 1 homologous arm segment to 2 different homeologues. However, since all homeologous affinities are currently not known in these species, some of the homology assignments to multiple segments may represent duplicate assignments to homeologues in the other species (and therefore may only truly be homologous to 1 of the duplicate linkage groups). The linkage maps for Arctic charr and Atlantic salmon are also less complete, and some assignments to multiple linkage groups may result from the 2 . c Number of putative chromosome arms assigned to each linkage group. d Total map distances from identified female map fragments in the lot25 (L25) and Lot44 (L44) mapping families are indicated in parentheses. Fragments are indicated as being joined based upon all available mapping data from both males and females and thus some fragments may represent pseudolinked segments based upon the male mapping information. Cross-over frequencies are only given for the largest fragment. For a complete summary of cross-over counts see the supplementary data 2 . e The potential assignment of 3 fragments is based upon the detection of double cross-overs in the largest fragment plus the outstanding size of additional unlinked fragments. This suggests that more than 2 linkage groups may appear to be linked in the female map based upon possible pseudolinkage affinities derived from male mapping data.
f Gene-centromere mapping data localizes the centromere very close to 1 end of an identified linkage group arm. However, the detection of a small percentage of double cross-over individuals suggests that the linkage group may represent a sub-telocentric or sub-metacentric (sm) chromosome.
g Represents the RT-12/16 pseudolinked segment detected in the Lot44 female parent.
h Gene-centromere mapping data supports the localization of a centromere to a central location in the linkage group. fact that homologies to different segments of the same linkage group have been identified. In addition, some of the homology assignments are based upon AFLP markers. AFLP marker fragment size identity is not necessarily indicative of true sequence homology and as such, these assignments are tentative. Cross homology assignments based upon AFLP markers are indicated with a~symbol in Table 2.
To help visualize the localization of the interspecific homeologous segments among the species, a list of rainbow trout markers with homologies to Atlantic salmon and Arctic charr, as well as composite rainbow trout female and male maps depicting these cross homeologies are shown in the supplementary data 2 (Excel database format). The composite rainbow trout female and male maps (see supplementary data
2 ) show regions in the rainbow trout map where homolo- b The most conservative estimate is shown ignoring multiple homology assignments that may result from homeology (i.e., duplicated marker assigned to a pair of linkage groups were only counted as a single LG segment assignment). (see  suplementary data 2 ) also shows the location of centromeres on the rainbow trout map (obtained from gene-centromere mapping data) (Sakamoto et al. 2000; O'Malley et al. 2003) .
Map homeologies
Linkage group homologous affinities have previously been described for Arctic charr (Woram et al. 2004 ) and rainbow trout (Sakamoto et al. 2000; O'Malley et al. 2003; Nichols et al. 2003) . However, for completeness, these affinities, as well as those described for Atlantic salmon, are listed in Table 3 . We have detected several new duplicated marker polymorphisms that map to the same linkage group or apparent segments of the same linkage group that are linked via male meioses (i.e., RT-3, RT-7, RT-8, RT-11, RT-14, RT-24, RT-25, and RT-29). In addition 3 duplicated marker polymorphisms identify 3 new putative homeologous linkage group affinities. The linkage group homeology between RT-6 and RT-30, is supported by the finding that duplicated GnRH gene map to these 2 linkage groups (Leder et al. 2004) . Shared marker affinities to a small unassigned marker cluster also tentatively designates RT-5 and RT-14 as potential homeologues, and segments of these 2 linkage groups share homology to AS-17. RT-13 and RT-23 are also recognized as new putative homeologous linkage groups.
Within Atlantic salmon, because of the reduction in chromosome arm number through whole arm fusions or pericentric inversions we may expect homeologous affinities for 1 linkage group to exist with more than 2 other linkage groups. This was observed for AS-4, AS-6, AS-8, AS-16, AS-17, AS-22, AS-24, and AS-32 and suggests these linkage groups may contain multiple ancestral chromosome arms. However, Arctic charr and rainbow trout still possess the expected number of doubled chromosome arms following polyploidization, and it is not anticipated that any single linkage group will show homeologies to more than 2 other linkage groups. Therefore, it was unusual to observe that AC-1, AC-6, AC-8, and RT-9 appear to be homeologous with more than 2 other linkage group segments.
Using the existing homeologies identified through duplicate marker expression in the 3 species (Table 3) , we were able to compare linkage group assignments among the species in an attempt to identify additional homeologies. Although several linkage group comparisons using rainbow trout and Atlantic salmon chromosome segments were suggestive of a potential homeology (i.e., markers on AS-24 map to both RT-7 and -15 but only markers on AS-18 map to RT-15 -see Table 2 ). The failure to identify both chromosome segments on the homologues of the comparison species did not allow us to putatively identify any new homeologous linkage groups between Atlantic salmon and rainbow trout. However, in Arctic charr, markers on linkage groups AC-2/35, AC-10/15, and AC-18/25 map to RT-27/31, RT-10/18, and RT-6/30, respectively, suggesting new possible homeologous affinities for these linkage groups in Arctic charr, in addition to those previously described (Woram et al. 2004 ).
Recombination rates
Female:male recombination ratios were previously reported to be 3.25:1 in rainbow trout (Sakamoto et al. 2000) .
With the updated marker information, we can now revise this estimate to 4.31:1 (ratio = 4.33:1 in Lot25 and 4.29:1 in Lot44) (see suplementary data 2 ) (ratio = 6.29:1 in Lot25 (N = 544) and 9.17:1 in Lot44 (N = 530) comparing only adjacent marker positions within linkage groups; data not shown). Significant differences in recombination rates were also detected between the mapping parents of the same sex (Lot25:Lot44 female ratios = 0.88; p < 0.001; and male ratios = 1.23, p < 0.001)) (see supplementary data 2 ). The Lot44 mapping female had significantly higher recombination rates on linkage groups 2, 7, 9, 16, 23, and 24, whereas the reverse was true for the Lot25 female on linkage group 10. The Lot25 male had significantly higher recombination rates on linkage groups 9, 11, 12, 15, 21, 22, 29, and 30, whereas the Lot44 mapping male had significantly higher rates on linkage groups 16, 19, and 31.
When the female:male recombination ratios detected within each linkage group (Table 4) were compared across the different putative chromosome architecture types, highly significant differences were observed (F 2,54 = 8.87, p < 0.001). Acrocentric chromosomes had the smallest female:male recombination ratio (mean = 2.50, range = 0.54-6.09), whereas metacentric type chromosomes had the larg-
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Note: Numbers in parentheses indicate the number of duplicated markers establishing the homeologous relationship. Una, a single unassigned marker; Una#, a LOD = 4.0 cluster currently unassigned to the Nichols et al. (2003) est recombination ratio differences (mean = 9.22, range = 1.0-26.55). Combined submetacentric or telocentric and tentative metacentric types had intermediate values (mean = 2.88, range = 0.25-8.68 ). Consistent ratios were generally observed across both mapping families as evidenced by the fact that the largest and second largest recombination rate differences were observed for linkage group 9 in the Lot25 and Lot44, respectively. Similarly, the lowest ratio in Lot44 was observed for linkage group 8, and the value for linkage group 8 was the second lowest observed within Lot25 (supplementary data 2 ).
Segregation distortion
Markers on 15 linkage groups in the female and 11 linkage groups in the male parent of Lot25 showed evidence for deviations from Mendelian expectations (see supplementary data 2 ). However, following a Bonferroni correction (p < 0.0016) and deletion of markers missing a large number of genotypes (i.e., >15% of the progeny genotyped), only markers on linkage groups (or segments of linkage groups within) 2, 9, 12, in the female, and 5 and 20 in the male provided evidence for significant deviations from Mendelian expectations in Lot25. In Lot44, markers on 11 linkage groups in the female and 15 linkage groups in the male showed evidence of segregation distortion. Following the adjustments outlined above, markers on linkage groups 18, 19 and the pseudolinked group 12/16 in the female, and linkage groups 7, 12, 15, 19, and the pseudolinked group 6/30 in the male showed significant deviations from Mendelian expectations (see supplementary data 2 ). Interestingly, 1 of the 2 OMM1167 duplicated markers in the female pseudolinkage group 12/16 exhibited the high distortion values and falls within the segment undergoing pseudolinkage in the female. The number of parents showing evidence for marker segregation distortion (i.e., p < 0.05) on linkage groups 2, 5, 6/30, 7, 9, 12, 15, 16, 18, 19, and 20, were 1, 2, 1, 3, 4, 4, 3, 3, 1, 4 , and 3, respectively, across all 4 mapping parents. Several adjacent markers showed extreme distortion on RT-9 in the Lot25 female, and on RT-7 in the Lot44 male.
Discussion
Map homologies
If whole arm Robertsonian fusions and fissions have been the predominant mode of chromosomal evolution within salmonids (Wright et al. 1983; Allendorf and Thorgaard 1984) , then it is expected that at most only 2 linkage groups from either Atlantic salmon or Arctic charr should possess cross homologies to any metacentric-type rainbow trout linkage group. Comparisons among linkage groups revealed that often 3 Atlantic salmon linkage group segments and up to 6 Arctic charr linkage group segments could be assigned cross syntenies with a rainbow trout linkage group. With Arctic charr, we know that more linkage groups are currently defined (N = 46) than are possible according to the karyotype of the species (i.e., 39-40 linkage groups are expected). Therefore, some of the multiple segment assignments likely result from different segments of the same Arctic charr linkage group mapping to a single rainbow trout linkage group. With Atlantic salmon however, the genetic map is currently more complete, and therefore, the observation of up to 3 linkage groups with cross homologies is unexpected. This finding suggests that partial arm translocations (intra-arm fissions and (or) possibly transposition events) may have occurred in the evolution of these species and suggests that the karyotypic architecture of the family Salmonidae may be more mosaic than previously envisioned.
The fact that most linkage group assignments between Atlantic salmon and rainbow trout appear to fit a model of whole arm translocations whereas rearrangements with Arctic charr are more complex and cannot easily be explained without postulating intra-arm translocations suggests that Arctic charr are genetically more divergent from the other 2 species. This supports previously proposed phylogenetic affinities among these species based upon morphological criteria (Kendall and Behnke 1984; Stearley and Smith 1993) suggesting that Atlantic salmon and rainbow trout are more closely related in comparison with fish from the genus Salvelinus. The data do not support the proposed closer affinity of S. alpinus to O. mykiss in comparison to S. salar, based upon growth hormone intron (GH1-C) sequence data (Oakley and Phillips 1999) . Given the current paucity of cross marker syntenies detected among the species it is premature, however, to conclude that whole arm translocations have predominated in the evolution of Atlantic salmon and rainbow trout in comparison with Arctic charr. Instances of apparent intra-arm translocations are also evident between Atlantic salmon and rainbow trout and thus more definitive data on the nature of these rearrangements needs to be collected.
Map homeologies
Given that the most prevalent diploid chromosome number in teleost fishes is 48, and that the fundamental arm number in most salmonids ranges from 100-104, we may expect up to 25 homeologues to be present in the species we studied. Furthermore, if only whole arm duplications confer affinities then no more than 2 homeologous associations should exist for any linkage group. The current status of identified homeologies can be obtained by simply summing all the known chromosome pair homeologies. When this is done for Arctic charr (counting the intra-linkage group homeology identified for AC-20 that appears to result from the fusion of 2 homeologues (Woram et al. 2004 ) and the 3 new tentative homeologies described in the results, as 4 sets) we can recognize 21 homeologous pairs. This suggests that most pairs have been identified. However, upon closer inspection of the genetic map reported by Woram et al. (2004) it is apparent that linkage groups 9, 17, 19, 22, 30-34, and 36-46, have no identified homeologues. Assuming that at least 1 homeologue exists for each of these linkage groups, this would indicate that 10 homeologous affinities are currently unrecognized. However, it should be remembered that the Arctic charr genetic map is still fragmented and that a maximum of 40 and most likely only 39 linkage groups exist. Correcting for 39 linkage groups we might assume that 6 homeologous affinities are currently unrecognized. Linkage groups, AC-1, AC-6, and AC-8, currently have 4, 4, and 3 potential homeologies, respectively (Table 3) . This may be due to the fact that these linkage groups currently show homeology to 2 fragments that will eventually join into a larger linkage group, or that intercalary translocations have occurred between these linkage groups in the evolution of this species.
In Atlantic salmon, 21 potential homeologous affinities have been identified. This is based upon the information provided in Table 3 and knowledge of 2 additional homeologous groupings identified through the mapping of duplicated Hox genes (i.e., AS-14/20 and AS-13/33; Moghadem et al. 2005b) . In making this assessment duplicated markers mapping to the same linkage group (i.e., AS-14) are ignored as they may represent tandem duplication regions. Homeologies have currently not been identified for AS-3, AS-7, AS-9, AS-15, AS-18, AS-25, and AS-29-31. One of the currently unpublished Atlantic salmon map linkage maps contains 33 linkage groups (http://grasp.mbb. sfu.ca/) and since it is recognized that a maximum of 29 linkage groups should exist in the species (Phillips and Rab 2001) , our current estimate of the identified homeologies could be slightly inflated. We also observed that several linkage groups (AS-4, AS-10, and AS-22) possessed homeologies to 3 other linkage groups. Whereas such a finding is unexpected for an acrocentric type-based karyotype such as the 1 possessed by Arctic charr, it is not unexpected for Atlantic salmon. Since many of the linkage groups in this species have undergone chromosome arm fusions (Phillips and Rab 2001) it is possible that some of the above-mentioned linkage groups are representative of larger mosaic chromosomes in which 1 Lot25 Lot44
LG a Rainbow trout linkage groups are listed in the column. Linkage groups 2, 12, and 16 were omitted from the analysis as 2 separate linkage groups may be present within these assemblages due to pseudolinkage affinities. More than 1 LOD = 4.0 female cluster assigning to a linkage group is indicated with a + symbol and the extra clusters are designated as 2, 3,….etc.
b Significance detected using a G test (1 df). NS = not significant. c The number of pairwise marker comparisons made in both the male and female mapping parents within each family. d The chromosome architecture type (CT) defined according to the criteria listed in the text. A = acrocentric; sM = submetacentric or sub-telocentric; M = metacentric; and tM as a tentative metacentric.
e A separate LOD = 4.0 cluster assigned to linkage group 29. However, the current size of this linkage group suggests the extra fragment may be a separate linkage group that is pseudolinked. Table 4 . Summary of rainbow trout recombination ratios (female:male) across linkage groups for markers shared between the parents from 2 outcrossed mapping panels.
arm in a linkage group could possess 2 or more ancestral chromosome arms.
In rainbow trout, 19 homeologous affinities are identified using the data presented in Table 3 and incorporating information identifies RT-3/16 and RT-12/29 as sharing homeologies for duplicated Hox genes (Moghadem et al. 2005a ). This compilation ignores duplicated markers mapping to the same linkage group. Phillips et al. (2003) have also recently shown then duplicated MH class I genes map to linkage groups RT-3/16 suggesting their homeologous affinities. Linkage groups without identified homeologues were RT-1, RT-11, and RT-21, whereas an identified homeologue to RT-19 (i.e., RT-Una7) is likely a smaller segment of a larger linkage group that is currently unassigned. Also, we currently do not have markers assigned to RT-4 using the Nichols et al. (2003) map template. In the Nichols et al. (2003) study, RT-4/25 and RT-10/11 were reported to share homeologous affinities, suggesting that we may presently only have 3 or 4 unrecognized homeologous groupings. However, based upon the inclusion of all available data, it appears that 3 linkage groups, RT-9, RT-10, and RT-14, share homeologous affinities with 3 or 4 other linkage groups. This finding suggests that intra-arm translocations and (or) transposition events may have occurred between these linkage groups and other linkage groups in the genome, and also indicates that our estimate of the identified homeologies is slightly inflated. Similarly, several of the larger apparently metacentric type linkage groups currently only have 1 identified homeologous affinity, whereas 2 groupings are expected.
Recombination differences
Recombination ratios in rainbow trout appear intermediate to those found in Arctic charr and Atlantic salmon. Recently, Moen et al. (2004) reported a combined female:male recombination ratio of 8.26 for several families of Atlantic salmon. These are the highest ratios known for any vertebrate species and are consistent with the observations we made with the 2 Atlantic salmon mapping panels used in this study. In fact, the combined ratios we detected (i.e., 16.81:1; (8.01 in family Br5 and 25.62:1 in Br6) ) are even higher than those reported by Moen et al. (2004) (data not shown). Although Woram et al. (2004) reported lower female:male recombination ratios in Arctic charr (1.43 and 1.94 in the 2 Arctic charr mapping panels), these differences were still significant between the sexes.
The large sex-specific differences in recombination rate observed among the 3 species studied were expected, and generally characterize salmonid meioses (Johnson et al. 1987 ). These differences primarily result from the sexspecific dynamics of chromosome pairing during meiosis. Males form multivalents involving homeologous chromosome arms, whereas females almost exclusively form bivalents (Wright et al. 1983; Allendorf and Thorgaard 1984) . This restricts allelic transmission in males such that patterns may fit a secondary tetrasomic mode within distally located chromosome regions, with a complete absence of recombination for regions proximal to the centromere (Allendorf and Danzmann 1997; Sakamoto et al. 2000) . Disjunction from multivalents may also lead to aberrant pseudolinkage patterns in males whereby homeologous segments may appear linked because recombinant phases are in excess in the progeny (Wright et al. 1980 (Wright et al. , 1983 . The male genetic maps reported in this study support this pattern, with many markers scattered throughout the female map localized to a central node with 0 recombination in males (compare the female vs. male genetic maps in the supplementary data 2 and Woram et al. 2004) . Only more terminally located markers (presumably close to the telomeres) show recombination with this central cluster.
In this study, we also report a rare instance of a possible pseudolinkage in a female (Lot44 parent) involving homeologous linkage groups 12 and 16 that are joined by an aberrant segregation pattern within a duplicated marker (OMM1167). This is also the pattern observed with pseudolinked male linkage groups (i.e., end to end telomeric linkage for a pair of duplicated markers). However, we cannot exclude the possibility that this difference simply reflects a tandem duplication of OMM1167, and that the markers from that are joined to the markers from RT-12 (see supplementary data 2 ) are in fact duplicates of these markers that reside on RT-12. Marker distances within these 2 linkage groups do not, however, support this explanation. Marker Omy1008UW maps within 30 cM of Omy77DU on RT-16 in the Lot25 female parent, yet is removed by more than 60 cM from this marker in the Lot44 female parent. Thus, if the these 2 markers are indeed the presumptive duplicates localized on RT-12, their map positions should be more proximal to Omy1008UW than observed. Additionally, markers Omy77DU and Str60INRA map a considerable distance away from a cluster of duplicated markers (Omy3INRA, ATP1B1B(UoG), OmyRT10TUF) on the apparent pseudolinked chromosome, whereas on RT-16 these 2 markers map proximal to this cluster. Also, genecentromere mapping data places the marker OmyFGT4TUF (gene-centromere map distance~21 cM) most proximal to the centromere and Ots100SSBI towards the telomere (Sakamoto et al. 2000) . Thus, the adjacent linkage of the duplicate OMM1167 markers is consistent with a telomeric pseudolinkage. This explanation remains tentative, however, until additional mapping information can be compiled to verify a more complete marker order within this linkage (pseudolinkage) group.
Our comparative analysis of sex-specific recombination rates across the putative chromosome architecture types in rainbow trout also reveals that the basic karyotypic structure and (or) size of a chromosome within a genome can have an influence on the sex-specific recombination rates observed. Putative acrocentric-type linkage groups have lower female:male recombination ratios compared with metacentric chromosomes and thus karyotypes characterized by a higher frequency of acrocentric type chromosomes should have lower or more similar female:male recombination rates. Direct observation of the recombination rates observed among the 3 species examined in this study support this observation, and could support the hypothesis of Qumsiyeh (1994) that chromosome structure will influence the rate of recombination within a species.
Within salmonids, however, it is not clearly established if recombination rates are elevated in smaller (i.e., presumptive acrocentric) chromosomes in the genome, or if larger linkage groups have a proportional greater suppression of male vs. female meiotic cross-over junctions. The rainbow trout genome has not been characterized with respect to the physical size of the various linkage groups so that we cannot directly address this question at present. In Homo sapiens, a comparison of the physical size of a chromosome obtained from whole genome sequencing and their respective genetic maps reveals that smaller chromosomes attain greater recombination rates per unit length of physical size (Kong et al. 2002) . In addition, work with different strains of the house mouse (Mus musculus domesticus), which vary in the number of Robertsonian fusions among chromosome arms, indicates that recombination rates are higher in proximal regions of acrocentric chromosomes. Conversely, crossingover was elevated in the telomeric regions of metacentric chromosomes, and it was reported that these findings were in agreement with similar observations in humans, Drosophila melanogaster, grasshoppers, and plants (Dumas and Britton-Davidian 2002; Froenicke et al. 2002) . If these observations hold for a wider diversity of organisms, it suggests that the differential distribution of crossovers should produce elevated recombination rates in acrocentric type chromosomes. In contrast, however, swine show lower than average rates of recombination on large acrocentric chromosomes as well as significant localized heterogeneity in the distribution of recombination hot spots across the genome (Lopez-Corrales et al. 1999; Pates 2001) . Thus, the physical size and morphology of a chromosome may determine the dynamics of crossing over to a certain degree, but careful assessment of linkage group characteristics within each species may still be required to identify the gene specific complements within linkage groups that characterize recombination hot-spots (Kauppi et al. 2004) .
As a more direct test of recombination rate differences among the species, we compared interspecific recombination rates among paired syntenic markers assigning to known linkage groups within each species. This was necessarily restricted to comparisons within each sex among species, because of the large sex-specific differences in recombination within species. Four pairwise comparisons among the mapping parents were possible within each sex for each pairwise species comparison since 2 mapping panels were used for each species (i.e., 24 comparisons in total). Results generally supported the hypothesis that recombination rates were higher in Arctic charr than in Atlantic salmon (i.e., 4 of 4 comparisons in the females but no significant differences in the males) and higher in rainbow trout than in Atlantic salmon (3 of the 4 comparisons in females, and 2 of 4 comparisons in males indicated significantly higher recombination rates in rainbow trout). No support for higher recombination rates in Arctic charr versus rainbow trout was observed (2 of 4 comparisons in females revealed higher rates in rainbow trout, whereas 2 comparisons in males demonstrated reciprocal findings) (data not shown, see suplementary data 2 ). If the significance levels are adjusted for the number of source parents used in the comparisons (i.e., 0.05/12 = 0.0042) then only 1 of 8 comparisons performed between Arctic charr and either Atlantic salmon or rainbow trout remain significant. Both of these tests, however, indicate higher recombination rates in Arctic charr. In comparisons between rainbow trout and Atlantic salmon, 5 of 8 comparisons remain significant, with 4 of these indicating a higher recombination rate in rainbow trout.
These findings provide equivocal support for the hypothesis that recombination rates will in general be higher in salmonid species with less-derived karyotypes. It should also be noted that this analysis must be considered preliminary as we were only able to identify 17 to 33 marker pairs sharing synteny, representing 9 to 15 different linkage groups, respectively, in comparisons between Atlantic salmon and rainbow trout, whereas comparisons with Arctic charr were based upon even fewer pairwise tests. In 1 case, only 1 pair of shared marker affinities could be identified. In contrast, several of the sex-specific comparisons of recombination rate differences within rainbow trout chromosomes involved over 100 marker pairs. This issue needs to be revisited in the future with a more robust data set.
Our support of the suggestion that recombination rates will be higher in species with a less-derived karyotype is also potentially confounded by the pedigree history of our mapping families. Both Atlantic salmon mapping panels were derived from wild fish native to a drainage system in Scotland. In contrast, the rainbow trout and Arctic charr mapping panels were derived from fish in commercial production. As such, our rainbow trout and Arctic charr male mapping parents may express a higher degree of recombination within their genomes as a result of hybridization events in recent generations (Woram et al. 2004) . Elevated levels of recombination have been reported in hybrid lines of Hordeum (Zhang et al. 2002) and Helianthus (Rieseberg et al. 1999 ) and reinforce the observation that enhanced recombination rates may be a general feature of new contact genomes undergoing a transition to a more established lower rate of recombination. This sorting process may also be enhanced by forced changes in selection regimes within populations (Korol et al. 1994 ) and since hybridized genomes are often a consequence of population intermixing concurrent with expansion into new habitats, it is still unclear whether elevated levels of recombination are a consequence of increased incompatibilities in the genic architecture associated with chromosome pairing during meiosis (Schwarzacher 2003) or specific gene level interactions that facilitate adaptation to new environmental conditions. Conversely, the more extensive analysis of chromosome-specific recombination rate differences associated with the putative architecture of the chromosomes in rainbow trout, mentioned above, indicates that chromosome architecture and (or) size will also be important in influencing recombination events.
Segregation distortion
A comparison of the regions exhibiting segregation distortion in the outcrossed rainbow trout mapping panels used in this study and the doubled haploid mapping panel used by Nichols et al. (2003) revealed that linkage groups 5, 7, 12, 16, 19 , and 20 possessed markers exhibiting distortion in both studies. However, none of the markers on linkage groups 9, 15, or 18, and only 1 marker on linkage group 2 expressed segregation distortion in the Nichols et al. (2003) study. The region on linkage group 9 where we detected distortion is in fact a very large block forming a separate linkage group cluster in the female mapping parent of Lot25. A shared marker, One14ASC, was genotyped in both studies, and in the Nichols et al. (2003) study this marker did not provide any evidence for distortion, confirming the differ-ences observed in both studies. However, the observation that a large number of markers showed distortion in this region establishes this segment of RT-9 as showing truly anomalous segregation patterns. In addition, multiple markers within the central region of RT-9 in the Lot44 mapping female demonstrated distortion (i.e., p < 0.05) suggesting that the region contributing to the effect in both individuals may in fact be the same.
Chromosomal regions displaying segregation distortion may highlight genic segments that have previously undergone rearrangements during evolution, such that genomic incompatibilities within the regions generate distortion (Danzmann and Gharbi 2001) and increased recombination (Rieseberg 2001) . The mapping parents from rainbow trout and Arctic charr have undergone the most recent genetic recombination in their ancestry due to strain intermixing. These individuals possess a higher degree of segregation distortion in comparison to the Atlantic salmon mapping parents (data not shown). There was essentially no evidence in the 4 Atlantic salmon parents that significant experiment-wide segregation distortion existed.
Segregation distortion and recombination rate
Our findings suggest that increased segregation distortion may be an associated feature accompanying population remixing, and that chromosomal rearrangements may promote increased and variable rates of recombination. For example, RT-9 has homeologous affinities with 3 other rainbow trout linkage groups. The major affinity involves a whole arm homeology to RT-2. However, 2 small regions in 1 arm of RT-9 show affinities to RT-13 and RT-20. Whereas small cross homeologies could result from transposition events, chromosomal rearrangement polymorphisms are equally plausible. Within species, specific blocks of genes may become sheltered from the process of recombination if they fall within a chromosomal region experiencing a high degree of chromosomal polymorphism (i.e., susceptible to inversion of addition or deletion events ; Rieseberg 2001; Ortiz-Barrientos et al. 2002) . This may lead to increased divergence in these regions among populations, and may also characterize regions that will experience a higher degree of distortion owing to specific genomic incompatibilities. Linkage group RT-9 demonstrates the largest intersexual differences in recombination rate within rainbow trout and possesses a large number of markers with extreme segregation distortion in our mapping parents. Findings such as this appear to favour a model that incorporates chromosome morphology and rearrangements as a major determinant of gene transmission dynamics in salmonid fishes and perhaps eukaryotes in general.
